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Abstract. The effects of hot extrusion and addition of nickel coated silicon nitride (Si3N4), copper 
coated carbon fibres (Cf) on the microstructure and tensile properties of Al6061 hybrid metal 
matrix composite (MMC) have been investigated. Hybrid Al6061 based MMC was processed by 
stir casting process with nickel coated Si3N4 (6 Wt %) and copper coated Cf (1 Wt %) as 
reinforcements followed by hot extrusion. The developed composites and its alloy before and after 
extrusion were subjected to metallographic and tensile strength studies. The results obtained from 
tensile testing at room temperature revealed that the addition of reinforcement (Nickel-coated 
Si3N4 and copper coated carbon fibres) in Al6061 alloy, and hot extrusion process improve yield 
strength, ultimate tensile strength (UTS) and % elongation as well. The fracture surface was 
analysed by Scanning electron microscopy (SEM) and Energy dispersive spectroscopy (EDS). 
1 Introduction 
 Metal matrix composites (MMC’s) have a wide range of applications in the field of aerospace, 
automotive and structural application due to their attractive properties, including mechanical, 
thermal and frictional properties [1-3]. The liquid metallurgical fabrication process of MMC’s is 
economically cheaper providing one with good mechanical properties. However, to obtain MMC’s 
with optimal mechanical properties, secondary processing of composites is a must in ensuring 
uniform distribution of reinforcements in the matrix alloy with excellent interfacial bond. Among 
various metal forming processes, extrusion has been the most sought after owing to its excellent 
axial alignment and large compressive stresses [4]. Metal matrix composites are usually reinforced 
with SiC, Al2O3, Si3N4, Carbon fibres and graphite to improve their mechanical properties [5-7]. 
Among all these reinforcements, Si3N4 and Cf are the most popular reinforcements used to develop 
light weight and high strength, wear and corrosion resistant metal matrix composites [8-11]. 
 To minimize the interfacial reaction between reinforcement and molten alloy and to improve 
the wettability between liquid alloy and reinforcement during casting process, electroless Ni/Cu 
coatings on reinforcements have been carried out by several researchers [12, 13].  Copper coated 
carbon fibres have higher load bearing capability coupled with high toughness when compared 
with nickel coated carbon fibres.  Nickel coated carbon fibres exhibit poor toughness owing to the 
formation of brittle phases such as Al3Ni at the fibre matrix interface [16, 18]. Hence, to address 
this issue in the present work, copper coated carbon fibres are used to develop the hybrid 
composites.  
 MMCs with single reinforcement have been the topic for research for almost three decades. 
However, there are still challenges that needs to be addressed in these MMCs with single 
reinforcement such as poor machinability, low load carrying capability, poor thermal and electrical 
conductivity. These drawbacks have been solely responsible for the failure of MMCs as potential 
candidate for practical engineering applications. To address the above issues, currently researchers 
are focusing on hybridization of MMCs with high strength and high modulus fibres such as carbon 
fibres. Carbon fibres possessing high modulus of 1000 Gpa can enhance the load bearing 
capability of particle reinforced MMCs. Several researchers have reported significant 
improvement in tensile strength of hybrid composites in comparison with conventional composites 
[7, 19, 31, 36]. 
  In the light of the above, the present study is aimed at developing aluminium hybrid composite 
using electroless nickel coated Si3N4 particles and copper coated chopped carbon fibres as 
reinforcements in Al6061 alloy matrix using stir casting process followed by hot extrusion.  
Microstructure and tensile properties of synthesized hybrid composite will be studied before and 
after extrusion process. 
 
2 Materials and methods  
2.1 Synthesis of composites and hot extrusion 
 Aluminium 6061 alloy, its composite  and hybrid composite have been developed by stir casting 
process as discussed in our earlier work [14].The matrix used in the present study is aluminium 
6061 with reinforcements being Ni coated Si3N4 and copper coated carbon fibres. The cast 
aluminium 6061 alloy and its developed composite and hybrid composite are subjected to hot 
extrusion using 200T hydraulic press at a temperature of 550 0C with an extrusion ratio of 1:10. 
An extrusion pressure of 175 kg/cm2 was adopted. Fig. 1 shows high quality hot extruded hybrid 
composite rod with minimal surface defects.  
  
Fig. 1 Photograph of high quality hot extruded hybrid composite rod 
 
2.2 Grain size test 
 The grain size determination was carried out on all hot extruded specimens to study their 
granular size (Courtesy: Advanced Metallurgical Laboratory, Bangalore) as per ASTM E112-96. 
2.3 Tensile Strength test 
Tensile strength tests were carried out using INSTRON universal testing machine at room 
temperature as per ASTM: E8/E8 M standard (courtesy: M/s Shriram Institute for Industrial 
Research, Bangalore). The tensile test specimens were machined along the extrusion direction. 
The dimension of standard tensile test specimen used is shown in Fig. 2.   
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Fig. 2 Schematic diagram of tensile test specimen 
 
 
 
 
 
 
 
 3 Results and Discussions 
3.1 Microstructure Studies 
 
Fig. 3 Optical microphotographs of cast (a) Al6061 alloy (b) Composite   (c) Hybrid composite 
 
Fig. 4 Optical microphotographs of hot extruded (a) Al6061 alloy (b) Composite   (c) Hybrid 
composite 
 The typical micrographs of cast Aluminium 6061 and its developed composite and hybrid 
composite are shown in Fig. 3. The distribution of Si3N4 particles and carbon fibres are fairly 
uniform as observed in Fig. 3(b, c). 
 Fig.4 illustrates typical micrographs of hot extruded Al6061 and its developed composite and 
hybrid composite. The microphotographs clearly revealed the evidence of minimal porosity in 
both hot extruded base alloy and its developed composites.  It is also observed that the 
reinforcements are oriented along the direction of extrusion. Drastic reduction in the size of the 
reinforcements are observed as a result of high compressive stresses developed during the 
extrusion process. Refinement and homogeneous distribution of the reinforcements within the 
matrix alloy leading to excellent improvement in strength of composite and the hybrid composite. 
These observations are in close agreement with other researchers [15, 20, 21-24].  
 
 
 3.2 Grain size analysis 
 A remarkable reduction in the grain size of the prepared hot extruded hybrid composite in 
comparison with the base alloy as shown in Fig. 5(a-c).  A reduction of 14.51% in the grain size 
of the hot extruded hybrid composite is achieved when compared with hot extruded base alloy. 
This drastic reduction in the grain size leads to enhancement in mechanical properties like 
microhardness, strength and toughness of the developed hybrid composite. Similar observations 
in grain size reduction have been reported by Ramesh et al [30] for forged composites. 
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Fig. 5 Microphotographs indicating grain size with histogram 
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 Table 1 Tensile Test results of Al6061, its composite and hybrid composite before and after 
extrusion process 
Material system 
Tensile Properties 
Before extrusion After extrusion 
UTS(Mpa) Yield 
Strength(Mpa) 
Elongation(%) UTS(Mpa) Yield 
Strength(Mpa) 
Elongation(%) 
Al6061 142 40 16.6 185 215 20 
Al6061+6Wt% 
Si3N4 
190 44 16.8 220 262 22 
Al6061+6Wt% 
Si3N4+1Wt% Cf 
195 43 19.2 292 272 24 
 
Table 2 Properties of Aluminium 6061 alloy [27] 
Physical properties 
Density 2.70 g/cm3 
Mechanical properties 
Modulus of elasticity  68.9 Gpa 
Tensile strength  124-290 Mpa 
Elongation 12-25% 
Poisson’s ratio 0.33 
Thermal properties 
Melting temperature  585 0C 
Thermal conductivity  151-202 W/(m0K) 
Coefficient of thermal expansion  23.2x10-6 k-1 
 
Table 3 Properties of Si3N4 [31]  
Physical properties 
Density 3.31 g/cm3 
Mechanical properties 
Modulus of elasticity 28-46 Gpa 
Bending strength  147 Mpa 
Compressive strength  490 Mpa 
Thermal properties 
Melting temperature  1900 0C 
Coefficient of thermal expansion 1.4-3.7 x10-6 k-1  
 
 
 
 
 
 
 Table 4 Properties of carbon fibres [28, 29] 
Physical properties 
Density 1.75-2.00 g/cm3 
Mechanical properties 
High tensile strength 3-7 Gpa 
High tensile modulus 200-935 Gpa 
Compressive strength 1-3 Gpa 
Compressive modulus 100-300 Gpa 
Shear modulus 10-15 Gpa 
Thermal properties 
Thermal conductivity (K) 1000 W/(m0K) 
thermal expansion coefficient 5.5-8.4 x10-6 k-1*  
0.5-1.3 x10-6 k-1** 
*Transverse direction, **Longitudinal direction 
 
 
 
Fig. 6 Yield Strength values of Al6061 and its developed composite and hybrid composite 
before and after extrusion process 
3.3 Yield strength 
 The tensile test results of Al6061 and its developed composite and hybrid composite before and 
after hot extrusion are shown in Table 1. Fig. 6 illustrates the yield strength values of Al6061 and 
its developed composite and hybrid composite before and after extrusion process is shown in. It 
can be observed that, hot extruded hybrid composite exhibited the highest yield strength. An 
improvement of yield strength of 84.19% for hot extruded hybrid composite in comparison with 
as cast hybrid composite has been observed. The enhancement of yield strength of hot extruded 
hybrid composites can be attributed to the following mechanical strengthening mechanisms: (i) 
Thermal mismatch between matrix alloy and reinforcements (ii) Drastic reduction in grain size 
(iii) Load transfer strengthening.  
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  The approximate thermal expansion coefficient values of Aluminium 6061, Si3N4 and Cf are 
23.2x10-6 k-1, 1.4-3.7 x10-6 k-1 and 5.5-8.4 x10-6 k-1*, 0.5-1.3 x10-6 k-1** respectively as reported in 
Table 2-4.  Ni and Cu possesses 13x10-6 k-1 and 16.5x10-6 k-1 respectively [27, 32]. As reported 
there is a huge thermal mismatch between Al6061, Ni, Cu, Si3N4 and Cf leading to increase in 
dislocation density which in turn enhances the mechanical strength. The differences in thermal 
expansion between the reinforcements and base alloy leads to strain hardening which further pile 
up dislocations [33]. Since, the hybrid composites comprises of two reinforcement, the built up of 
dislocations due to thermal mismatch will be more significant when compared with single 
reinforced composite. Thus, the yield strength of hybrid composite is drastically high.  
 A reduction in grain size in composites due to hot extrusion leads to large points of obstacles 
for pining down the mobility of dislocations which in turn results in creation of back stresses 
thereby increasing the yield strength of hybrid composites [34].  
 In metal matrix composites, when the stress is applied, the load needs to transfer between the 
interfaces of matrix alloy and reinforcement. A reaction free interfacial bonding between matrix 
alloy and reinforcements will enhance the load transfer efficiency [35]. In this case, Nickel coating 
on silicon nitride and copper coating on carbon fibres tend to reduce the interfacial reaction leading 
to higher extent of load transfer between the matrix alloy and the reinforcements. This factor is 
responsible for the improved strength of the hybrid composites.  
 
Fig. 7 UTS values of Al6061 and its developed composite and hybrid composite before and after 
extrusion process 
3.4 Ultimate tensile strength  
 Fig. 7 illustrates the variation of ultimate tensile strength (UTS) of Al6061 and its developed 
composite and hybrid composite before and after extrusion process. Similar trend has been 
observed by other investigators [5, 15].  It can be observed that, Al6061-6Wt%Si3N4-1Wt% Cf 
hybrid composite exhibited the highest UTS of 292 Mpa after hot extrusion.   
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  An enhancement of 33.21% in UTS values has been observed for hot extruded hybrid 
composite in comparison with as cast one. This remarkable enhancement in tensile strength of hot 
extruded hybrid composite can be attributed to the combined effect of drastic reduction in grain 
size due to hot extrusion and high load bearing capability of copper coated carbon fibres, which 
act as large number of obstructions for pining down the mobility of dislocations, thereby 
minimizing the extent of plastic deformation. Further, the metallic coatings on the reinforcements 
are also at advantage in improving the ultimate tensile strength by elimination of interfacial 
reaction between the reinforcements and the matrix alloy which is well documented.  Urena et al. 
have reported the beneficial effect of metallic coating on reinforcement in composites reducing 
the reaction between aluminium matrix alloy and copper coated carbon fibres with improved 
wettability [13]. Ramesh at al. have reported that the addition of metallic coating on reinforcement 
in base alloy leads to enhance work hardening effect of composite resulting in reducing void 
propagation thereby enhancing the UTS of composite [12]. The beneficial effect of thin 
intermetallic layer of Al-Ni in reducing the reaction between aluminium matrix alloy and nickel 
coated carbon fibres thereby enhancing their wettability have been reported by Rams et al. [18]. 
Trzaska et al. have reported that the addition of thin layers of metallic coating on reinforcement in 
matrix alloy exhibit excellent bond between the interface of matrix and reinforcement resulting in 
improved mechanical properties [25]. Hajjari et al. have also reported the beneficial effect of 
electro-less nickel coating on carbon fibres in improving the interfacial bond between the matrix 
alloy and reinforcement and also in protecting the reinforcement against reaction from molten 
alloy during fabrication of composites [16]. Xiong Cao et al. have reported the ultimate tensile 
strength of the composites showed better results in comparison with base alloy due to the 
strengthening effect of formation of geometrically necessary dislocations, crack deflection and 
load transfer of carbon fibres [26]. 
 
  
Fig. 8 Elongation (%) values of Al6061 and its developed composite and hybrid composite 
before and after extrusion process 
 
 
3.5 Elongation (%) 
 Fig. 8 shows the variation of percentage elongation of Al6061 and its developed composite and 
hybrid composite before and after extrusion process. It can be observed that, hot extruded hybrid 
composite exhibited the highest elongation in comparison with as cast one. An improvement of 
around 20% elongation has been observed for hot extruded hybrid composite in comparison with 
no-extruded hybrid composite. The improvement in the elongation values can be attributed to the 
following reasons: (i) Metallic coatings on reinforcements in the matrix alloy minimize the 
reaction between the matrix alloy and reinforcements and enhance the quality of bonding between 
the interfaces of base alloy and reinforcement thereby reducing the initiation of crack propagation 
which results in improvement in ductility of hybrid MMCs. (ii) carbon fibres coated with copper 
has a high ductility and load bearing capability results in improvement in elongation.(iii)  hot 
extrusion leads to break up the reinforcements, provide homogeneous and finer particles in matrix 
alloy with minimal porosity in hybrid composite can leads to enhance the ductility. The strong 
bond between the reinforcements & the matrix alloy is evident from the fractograph shown in Fig. 
9. Carbon rods are observed to be protruding out from the surfaces with no fragmentation. This 
supports our claim that the interfacial bond between carbon fibre coated with copper and 
aluminium 6061 alloy resulting in higher toughness.  Further EDS spectrum clearly indicates the 
absence of interfacial products but reveals the presence of copper on carbon fibre and nickel on 
silicon nitride. 
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Fig. 9 SEM photograph of fracture surface of (a) Hot extruded hybrid composite (b) high 
magnification SEM micrograph (c) EDS point scan of Ni coated Si3N4 and Cu coated Cf reinforced 
with Al6061 alloy (d) EDS analysis table 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 3.6 Fractrography 
                
(a) As cast Al6061               (a)   Hot extruded Al6061 
                
(b)   As cast Al6061+6Wt% Si3N4                        (b)   Hot extruded Al6061+6Wt% Si3N4 
                   
(c)As cast Al6061+6Wt% Si3N4+1Wt% Cf              (c) Hot extruded Al6061+6Wt% Si3N4+1Wt% Cf 
Fig. 10 (a-c) SEM images of fracture surfaces of 
Aluminium 6061 and its developed composite and 
hybrid composite before extrusion process. 
Fig. 11 (a-c) SEM images of fracture surfaces of 
Aluminium 6061 and its developed composite and 
hybrid composite after extrusion process. 
 
  Fig. 10(a-c) illustrates the SEM images of fracture surfaces of Aluminium 6061 and its 
developed composite and hybrid composite before extrusion process. From Fig. 10a, it is 
observed that the dimples are more in the fracture surface due to the large plastic deformation 
in the matrix alloy. Fig. 10b exhibits cleavage fracture due to the brittleness of hard ceramics 
surrounded by the soft matrix. It is observed that the cracks in the matrix alloy are large with 
fracture hard Si3N4 particles and undamaged carbon fibres as shown in Fig. 10c.  
 The SEM analysis of tensile fracture surfaces of hot extruded developed composite, hybrid 
composite  and its unreinforced alloy are shown in Fig. 11(a-c). It is observed that the sizes of 
dimples are finer in the matrix alloy and the composite when compared with their cast counter 
parts owing to better plastic deformation as shown in Fig. 11a, and as supported by the results 
of elongation studies. Further the shape of the dimple is honey comb in nature as shown in Fig. 
11b, which suggests that there is enhanced ductility in the material. These observations are 
supported by the earlier works as reported by Emamy et al. [17]. Fractograph studies clearly 
support that an excellent bond between matrix and reinforcement do exists as shown in Fig. 
11c. Since there is no damage to the carbon fibre during the tensile loading it has an ability to 
carry the fully transferred load from the matrix resulting in higher yield strength with no loss 
of ductility. 
 
4 Conclusions 
1. Copper coated carbon fibres in combination with nickel coated silicon nitride have 
resulted in drastic improvement of yield strength, ultimate tensile strength and ductility 
of Al6061 hybrid composites on hot extrusion. 
2. Microstructural and fractography analysis reveal an excellent bond between the 
reinforcements and matrix alloy.   
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